Objective: To examine the potential of two magnetic resonance imaging (MRI) techniques-dynamic contrast enhancement (DCE) and diffusion-weighted imaging (DWI)-for the detection of malignant cervical lymph nodes. Materials and Methods: Using DCE and DWI, we evaluated 33 cervical lymph nodes. For the DCE technique, the maximum relative enhancement, relative enhancement, time to peak enhancement, wash-in rate, wash-out rate, brevity of enhancement, and area under the curve were calculated from a semi-quantitative analysis. For the DWI technique, apparent diffusion coefficients (ADCs) were acquired in the region of interest of each lymph node. Cystic or necrotic parts were excluded. All patients underwent neck dissection or node biopsy. Imaging results were correlated with the histopathological findings. None of the patients underwent neoadjuvant treatment before neck dissection.
INTRODUCTION
Malignant cervical lymph nodes constitute a negative prognostic indicator in the treatment of head and neck cancer (1) (2) (3) (4) . Therefore, early detection of malignant lymph nodes plays a crucial role in the clinical management and prognosis of head and neck cancer. The development of noninvasive imaging biomarkers for use in treatment planning has the potential to improve treatment strategies.
Anatomical imaging techniques such as ultrasound, contrast-enhanced computed tomography, and contrastenhanced magnetic resonance imaging (MRI) are capable of detecting enlarged lymph nodes (5) (6) (7) (8) , particularly in the cervical chains. However, such techniques are less sensitive for identifying malignancy in some cases (9) . Although ultrasound-guided fine needle aspiration biopsy of lymph nodes is capable of detecting malignancy, it is an invasive method that is operator-dependent and has a high rate of false-negative results (10) . In this study, we propose a novel method of MRI incorporating anatomical and vascular information to improve the evaluation of lymph nodes. The addition of diffusion-weighted imaging (DWI)-to determine the apparent diffusion coefficient (ADC)-and dynamic contrast enhancement (DCE)-to quantify perfusion and vascularity-allows metastatic (malignant) lymph nodes to be distinguished from reactive (benign) lymph nodes. Our objective was to assess the ability of such methods to differentiate between benign and malignant lymph nodes.
MATERIALS AND METHODS
This was a prospective study in which patients under clinical suspicion of having head and neck cancer or patients with biopsy-confirmed cancer in the initial staging were recruited between August 2013 and October 2014. Patients who had undergone surgery of the head or neck, chemotherapy, or radiation therapy were excluded. All patients were screened for malignant cervical lymph nodes by an experienced head and neck neuroradiologist. The study was approved by the local institutional review board, and all participating patients gave written informed consent.
Data acquisition
All MRI scans were acquired in a 3 T scanner (Achieva; Philips Medical Systems, Best, The Netherlands), with a phased-array neck coil. The MRI protocol included the following: three-dimensional (3D) T1-weighted imagesrepetition time/echo time (TR/TE) = 7.2/3. . In addition, we acquired DCE images using a 3D fast spoiled gradient-echo sequence with the following parameters: FOV = 300 mm; section thickness = 2 mm; gap = 1 mm; FA = 12°; TR/TE = 5.5/2.3 ms; voxel size = 0.9 × 0.99 × 2.0 mm; scan duration = 5 min. Using that protocol, we acquired non-contrast-enhanced images in 13 dynamic acquisitions. For contrast-enhanced images, patients received a single dose of gadodiamide (Gd-DTPA-BMA, Omniscan; Nycomed, Oslo, Norway) injected into the antecubital vein at a concentration of 0.1 mmol/kg body weight and at a rate of 2 mL/s, followed by a saline flush, both administered with a power injector (Spectris; Medrad, Indianola, PA, USA). Twelve dynamic acquisitions were performed during and after the injection.
Imaging processing
Images were processed on a workstation (Philips Extended MR Workspace 2.6.3.5; Philips Medical Systems). Lymph nodes located in tumor drainage cervical chains were chosen, and a region of interest (ROI) was drawn on the solid portion of each node, for DWI and DCE. A head and neck radiologist with 5 years of experience delineated the ROIs, using T2-weighted, T1-weighted, or contrast-enhanced T1-weighted images. Necrotic, cystic, and hemorrhagic portions of the nodes were excluded. Single nodes and larger node masses were included. For DWI, the positioning of the ROI was determined by visual identification of the lowest signal on the ADC map (11) . For DCE acquisitions (Figure 1 ), time-signal intensity curves were generated for each lymph node ROI and the following parameters were evaluated: maximum relative enhancement (MRE); relative enhancement (RE); time to peak enhancement, hereafter simply time to peak (TTP); wash-in rate (WiR); wash-out rate (WoR); brevity of enhancement (BrevE); and area under the curve (AUC).
Statistical analyses
All statistical analyses were performed with the IBM SPSS Statistics software package, version 22.0 for Windows (IBM Corporation, Armonk, NY, USA). The ShapiroWilk test showed that the data were not normally distributed. After correlation with histopathology, we analyzed two groups of data: malignant and benign lymph nodes. The Mann-Whitney U test was used in order to compare the benign and malignant groups. Values of p < 0.05 were considered significant. To identify further relationships among RE, TTP, WiR, and MRE, multivariate analysis (binary logistic regression) was applied. In that analysis, TTP and RE were the parameters found to be most capable of differentiating between malignant and benign nodes. We used a receiver operating characteristic (ROC) curve to determine the TTP and RE cut-off values for distinguishing malignant nodes from benign nodes.
RESULTS
Our study sample comprised 19 patients (mean age, 55-68 years; 12 males and 7 females) with 33 lymph nodes ( Table 1 ). The diameter of the lymph nodes ranged from 0.7 cm to 6.8 cm (mean, 2.2 cm). Thirteen (39.4%) of the lymph nodes were benign, and 20 (60.6%) were malignant. The malignant lesions were confirmed by histopathology following surgical removal in 25 (75%) of the nodes and by fine needle aspiration biopsy alone in 8 (25%).
Malignant and benign lymph nodes both showed low mean ADCs (0.786 ± 0.152 × 10 -3 mm 2 /s and 0.790 ± 0.173 × 10 -3 mm 2 /s, respectively). However, the difference was not statistically significant. No statistically significant differences were found among the ADC, WoR, BrevE, and AUC values in terms of their capacity to differentiate between malignant and benign lymph nodes. From the DCE images (Tables 2 and 3) , we determined that the malignant lymph nodes presented significantly higher RE (p < 0.009), MRE (p < 0.05) and WiR (p < 0.03), whereas they presented significantly shorter TTP (p < 0.02). In the multivariate analysis, the differences between the values obtained for benign nodes and those obtained for malignant nodes remained significant for TTP and RE.
In the ROC curve analysis, the TTP cut-off value for malignant lymph node detection was 189.45 s. The TTP for the malignant nodes was significantly lower than was that determined for the benign nodes. The sensitivity and specificity of the TTP cut-off value to differentiate between benign and malignant lymph nodes were 73.7% and 69.2%, respectively (Figure 2 ). According to the ROC curve analysis, the RE cut-off value for malignant lymph node detection was 21.9%. The RE for the malignant nodes was significantly higher than was that determined for the benign nodes. The sensitivity and specificity of the 
DISCUSSION
No statistically significant differences were found among the ADC, WoR, BrevE, and AUC values in terms of their capacity to differentiate between malignant and benign lymph nodes. From the DCE images, we determined that the RE, MRE, and WiR were significantly higher in malignant lymph nodes, whereas the TTP was significantly shorter. The multivariate analysis showed that the TTP and RE differed significantly between benign and malignant nodes.
DCE
Others studies involving DCE have suggested that it can be a useful tool to differentiate between benign and malignant tumors (12) , as well as between benign and malignant lymph nodes (13) . However, there have been few studies evaluating DCE parameters in metastatic disease of the head and neck. Fischbein et al.
(13) evaluated 68 lymph nodes and demonstrated significant differences between normal nodes and tumor-involved nodes, the latter showing longer TTPs, lower peak enhancement, a lower maximum slope, and a lower wash-out slope. In comparison with our study, that study employed different technical parameters for DCE image acquisition, including the initial presence of a contrast agent, the timing of the scan initiation, the duration of acquisition, the size of the standardized ROIs, and the partial volume effects in the ROI outlining, as well as demonstrating a different degree of interobserver variability. Those differences could account for the discrepancies between the results of the two studies.
ADC
Although malignant and benign lymph nodes both showed low ADCs in the present study, the difference between the two was not statistically significant. Most of the data in the literature suggest that ADCs are lower in malignant lymph nodes. However, Sumi et al. (14) found that ADCs were lower in malignant lymph nodes than in benign nodes. That unexpected result could be due to the fact that those authors included necrotic areas in the ROIs. Our finding that ADCs were lower in malignant nodes is consistent with the findings of Lee et al.
(15) and Holzapfel et al. (16) . However, as previously mentioned, we also found that the ADCs for benign nodes were similar to those for malignant nodes, with no statistical difference between the two. That finding could be related to the fact that many causes of cervical lymphadenopathy, including infectious disease, inflammatory/granulomatous disease, autoimmune disease, and neoplasia, result in lymph node hyperplasia with high cellularity. Another point is that the tumor microenvironment is largely orchestrated by inflammatory cells and participates in the neoplastic process, a processes that also results in increase cellularity secondary to hyperplasia due to lymph node reactions. Therefore, although the ADC can quantify changes in diffusion behavior, it cannot distinguish the cause of those changes (17) (18) (19) . In addition, in some neoplastic processes, other causes of cervical lymphadenopathy can mimic neoplasm on an ADC map. Currently, there is no consensus regarding the technical parameters for ADC acquisition, which limits the reproducibility and scalability of clinical studies.
Our findings indicate the potential of quantitative imaging to differentiate between malignant and benign cervical nodes during the investigation of metastatic disease prior to invasive procedures, potentially minimizing the use of such procedures. However, there is still a need for further studies, with larger patient samples, in order to confirm our findings.
Our study has some limitations. First, we evaluated a relatively small number of patients. In addition, the lack of standardization in the literature regarding the acquisition of DCE time-signal intensity curve parameters and ADCs, together with the inflammatory environment generated by the neoplastic process, could explain the low ADC values we found in benign lymph nodes. Furthermore, it is possible that artifacts occurred during DWI acquisition. The same radiologist performed all DWI measurements, in which we used single-shot echo-planar imaging, which is highly sensitive to static magnetic field (B0) heterogeneity, which produces nonlinear geometric distortion, primarily in the phase-encoding direction. Such artifacts become more severe at higher magnetic field strengths and can alter the ADC, potentially reducing the capability of the ADC to differentiate between malignant and benign lymph nodes.
CONCLUSIONS
We conclude that perfusion MRI has the potential to identify malignant lymph nodes. However, because of technical differences across studies and the lack of a consensus in the literature, quantitative imaging still cannot replace or preclude the need for invasive methods for the diagnosis of malignant nodes.
The high cellularity of malignant lymph nodes results in a measurable decrease in their ADC, although other inflammatory processes cause high cellularity and can thus mimic malignant nodes. Additional studies with larger patient samples should be conducted. Further standardization of DWI and DCE techniques in different MRI scanners is fundamental to obtaining data that are reproducible and comparable across studies.
